Background: A phase 2, randomized, placebo-controlled trial was conducted in women with recurrent epithelial ovarian carcinoma to evaluate the efficacy and safety of motolimod-a Toll-like receptor 8 (TLR8) agonist that stimulates robust innate immune responses-combined with pegylated liposomal doxorubicin (PLD), a chemotherapeutic that induces immunogenic cell death.
Introduction
Ovarian cancer is the fifth leading cause of cancer death in women in the United States and has the highest mortality rate of all gynecologic cancers [1, 2] . The standard treatment of ovarian carcinoma involves debulking surgery and combination chemotherapy with paclitaxel and either carboplatin or cisplatin [3] . However, despite aggressive frontline treatment, $70% of patients will relapse in the first 3 years. Among the accepted options for patients with relapsed disease are pegylated liposomal doxorubicin (PLD) and other drugs [4] [5] [6] [7] [8] with response rates from 10% to 25%. With a dose schedule and toxicity profile somewhat more favorable, PLD has become a common first option for patients who relapse after platinum-based treatment [9, 10] .
Numerous studies show that cell-mediated immune mechanisms play a key role in controlling the natural history of ovarian carcinoma [11, 12] . PLD is an immunomodulatory agent that augments anti-tumor immune responses, in part via killing tumor cells in a manner that enhances uptake of tumor antigens by myeloid dendritic cells (mDCs), promoting antigen processing, cross-priming, and presentation to T cells [13] [14] [15] . Despite these immuneactivating processes, tumor-infiltrating mDCs may not become activated due to immunosuppressive factors within the local tumor microenvironment (TME) [16] . Agents with the potential to enhance the immunomodulatory effects of PLD are therefore attractive candidates for evaluation in ovarian carcinoma.
Toll-like receptors (TLRs) comprise a family of 13 pattern recognition receptors expressed broadly on hematopoietic and nonhematopoietic cells [17] . TLR8 is localized in endosomal compartments of monocytes and mDC and its activation stimulates the release of inflammatory mediators, including T cell helper 1 (Th1)-polarizing cytokines [18, 19] . Motolimod (previously identified as VTX-2337) is a synthetic, small molecule, selective agonist of TLR8 comprising a 2-aminobenzazepine core [20, 21] . Motolimod stimulates natural killer (NK) cell activity [21] , augments antibody-dependent cellular cytotoxicity [18, 22] and induces production of IFN-c.
Because TLR8 engagement drives the maturation of mDCs and could facilitate the development of innate and adaptive antitumor immune response, it was hypothesized that motolimod would be an optimal partner for PLD. Based on this hypothesis, as well as preclinical and initial clinical data supporting the combination [20] , the current phase 2, randomized, placebo-controlled trial was initiated to compare the efficacy and safety of motolimod plus PLD versus placebo plus PLD in women with advanced ovarian carcinoma.
Methods
This phase 2, double-blind, placebo-controlled study was conducted at 105 study centers in the United States. Patients were randomized in a 1 : 1 ratio to receive PLD 40 mg/m 2 i.v. on day 1 of a 28-day cycle plus motolimod 3.0 mg/ m 2 or placebo given SC on days 3, 10, and 17. Starting with cycle 5, dosing consisted of 40 mg/m 2 PLD on day 1 plus 3.0 mg/m 2 motolimod or placebo on day 3 of a 28-day cycle. Randomization was stratified by platinum-free interval (PFI) ( 6 months versus >6-12 months) and GOG performance status (0 versus 1). Treatment cycles were repeated every 28 days until progressive disease (PD).
Eligible patients were !18 years and had measurable, confirmed epithelial ovarian, fallopian tube, or primary peritoneal carcinoma that was persistent or recurrent despite primary therapy. Recurrence must have occurred <12 months after completing platinum-based first-or second-line therapy. Up to 2 prior cytotoxic regimens were permitted; prior treatment with motolimod, PLD, or any other anthracycline was not allowed.
Disease response was evaluated using magnetic resonance imaging or computed tomography scans carried out at baseline, week 12, and every 8 weeks thereafter until PD or the patient was put on non-protocol therapy. Tumor responses were assessed by the investigator using the Immune Related Response Evaluation Criteria in Solid Tumors (irRECIST) [23] .
Safety assessments included the surveillance and recording of adverse events (AEs) that were graded and classified using the National Cancer Institute (NCI) Common Terminology Criteria for Adverse Events (CTCAE), Version 4.0 [24] .
Details on statistical methods and translational endpoints are provided in the supplementary material, available at Annals of Oncology online.
Results

Patient characteristics
A total of 297 patients were randomized between October 2012 and April 2014. The treatment arms were well-balanced regarding demographics and disease characteristics (see Table 1 ). Of the 297 randomized patients, 294 received blinded study treatment; 147 received motolimod and 147 received placebo. The median number of treatment doses (12 for motolimod, 13 for placebo) and cycles (5 for both motolimod and placebo) was comparable between the arms. The median number of PLD doses was 5 (range: 1-35) in each arm.
OS, irPFS, and ORR
The addition of motolimod to PLD did not improve either OS or progression-free survival as assessed by irRECIST (irPFS). In the intent-to-treat analysis, the median OS for patients in the motolimod plus PLD arm was 18.1 months versus 18.9 months for patients in the placebo plus PLD arm [hazard ratio (HR) 1.22, P ¼ 0.923; Figure 1A ]. The median irPFS for patients who received motolimod plus PLD was 4.8 months versus 5.2 months for patients in the placebo plus PLD arm placebo (HR 1.21, P ¼ 0.943; Figure 1B ). (All P-values are one-sided log rank.) Motolimod did not improve OS or irPFS in patients with PFI 6 months or >6-12 months, nor the objective response rate (see supplementary material, available at Annals of Oncology online).
OS and ISR
The most common motolimod-associated AE was ISR, which occurred in 108 patients (73.5%). Planned analyses (for statistical methods, see supplementary material, available at Annals of Oncology online) of the association between OS and ISR suggested that patients in the motolimod arm who experienced ISR (n ¼ 103) had longer OS (19.8 months) compared with motolimod-treated patients who did not experience ISR (n ¼ 44; 13.3 months) ( Figure 1C ). Using a time-dependent proportional hazards model, the estimated hazard of death for ISRþ patients was 66.4% the hazard of those who were ISRÀ (P ¼ 0.067).
Safety
Motolimod plus PLD was generally safe and well-tolerated, without evidence of toxicity interactions. Notable treatmentemergent AEs (TEAEs) that were reported in a higher proportion of patients in the motolimod arm versus placebo (!10% difference) were fatigue, vomiting, ISR, chills, fever, limb edema, influenza-like symptoms, and cytokine release syndrome (see Table 2 ). With these exceptions, the incidence of TEAEs did not appear to be different between the treatment arms.
Serious AEs (SAEs) were reported for 120 patients (40.8%): 60 patients (40.8%) in each treatment arm (see Table 2 ). Of the SAEs that resulted in death (n ¼ 13; 4.4%), 1 event-sepsis in a patient in the placebo arm-was considered related to study treatment. Most deaths (66%) were reported after completion of treatment and were related to progression of underlying disease (70.4%). 
Correlative studies
Analysis of previous nonclinical and clinical data identified a panel of cytokines and chemokines induced by motolimod in human peripheral blood mononuclear cells in vitro and/or that were upregulated in plasma following subcutaneous dosing (see supplementary material, available at Annals of Oncology online).
In vivo analytes were quantified in plasma samples collected from patients before and 8 h following motolimod dosing. Post-dose levels of responsive mediators in patients treated with motolimod plus PLD showed statistically significant increases consistent with previous findings in human volunteers and cancer patients who received motolimod monotherapy [18, 19] and ovarian cancer patients treated with motolimod plus PLD [20] (Figure 2A and B; supplementary Table S3 , available at Annals of Oncology online).
In vivo responses were not significantly associated with longer OS or irPFS (data not shown). Before initiating study treatment, all patients were assessed for their ability to respond to TLR8 stimulation in vitro. The repertoire and magnitude of mediators that were significantly induced was consistent with prior studies ( Figure 3A) . For all subjects, in vitro responses in select analytes were discretized into tertiles (low, medium, or high), and used to compare clinical outcomes. Subjects with higher baseline IFN-c, TNF-a, or IL-12p40 responses who subsequently received treatment with motolimod plus PLD had significantly longer survival compared with motolimod-treated subjects with low mediator response ( Figure 3B ). This finding was not duplicated in the PLD plus placebo group. Additionally, exploratory analyses identified in vitro analytes that were correlated with injection-site reactions (supplementary Figure S1 , available at Annals of Oncology online).
No significant associations were identified between OS or irPFS and immune score (TILs), TLR8 single nucleotide polymorphisms (SNPs), germline BRCA-Fanconi anemia mutational status, or autoantibody biomarkers (see supplementary material, available at Annals of Oncology online).
Discussion
In this study of 297 patients with recurrent ovarian cancer, the addition of motolimod to PLD did not produce an improvement in either of the co-primary endpoints of OS or irPFS. In addition, no statistically significant improvement in OS or PFS was observed in any subgroup analyzed, including the subgroups defined by PFI. The combination of motolimod plus PLD was well tolerated and was associated with a safety profile consistent with that seen in previous motolimod studies.
Despite the supportive preclinical data and the confirmation of expected motolimod immunopharmacology, there was a lack of synergy between motolimod and PLD in this study. There is robust evidence that host anti-tumor cell-mediated immune mechanisms play a role in the natural history of ovarian carcinoma [11, 25] . However, the disease has thus far been relatively resistant to treatment with immunotherapy agents, including immune checkpoint blockade [26, 27] . The low response rates to blockade of programmed cell death 1 (PD-1) compared with other tumor types may be attributable at least in part to the lower rate of mutations in ovarian cancer relative to cancers such as melanoma or lung cancer [28] and to a more immunosuppressive TME. This incomplete understanding of the immunobiology of ovarian cancer renders clinical trials in unselected patients particularly challenging, and provides a strong impetus for better understanding of the mechanisms of immune suppression in ovarian cancer. This study may provide important insights regarding immunomodulatory approaches to ovarian cancer. Based on preclinical data [20] , our underlying hypothesis was that TLR8 stimulation would activate intratumoral antigen-presenting cells, allowing them to mobilize adaptive immunity against tumors, and also activate intratumoral macrophages to synergistically kill tumor cells in combination with PLD. Motolimod indeed activated innate immunity in this study, as evidenced by the marked increase of inflammatory cytokines and chemokines in plasma after dosing including IL-1b, IL-6, and TNFa, as well as proangiogenic factors such as IL-8, VEGF, and MMP9. These multifaceted biologic effects highlight the complexity of systemic TLR8 activation. The lack of correlation between the pharmacodynamic response to motolimod and clinical outcomes further underscores this issue.
The fact that these biomarkers were assessed in vivo at a single, operationally feasible time-point may have inherently limited their utility to predict or correlate with clinical outcomes.
Nevertheless, in contrast to the in vivo pharmacodynamic results, a statistically significant difference was observed in the OS of motolimod-treated patients with high baseline IFN-c, TNF-a, In vitro responses for each analyte was discretized as low, medium, or high and their association with survival was tested using a one-sided log-rank test. Within the motolimod plus PLD treatment group only, patients with higher IFN-c (P ¼ 0.049), TNF-a (P ¼ 0.041), or IL-12p40 (P ¼ 0.024) response had significantly improved survival compared to those motolimod-treated subjects who had a lower level of mediator response.
or IL-12p40 in vitro responses to motolimod compared with motolimod-treated patients with low baseline analyte responses. These data underscore the heterogeneity of immune responses, and validate the use of pre-treatment in vitro methods for assessing immune fitness and/or the immune response profile before initiation of immunotherapy. We did not observe any correlation of survival or benefit from the combination with BRCA-Fanconi pathway mutation status, which may be explained by the fact that this trial selected for BRCA mutation carrier patients with decreased platinum sensitivity. Furthermore, pre-existing TILs did not predict OS or benefit from the combination in this study. It is possible that the immunomodulatory effects of PLD [13] [14] [15] may have converted TIL-negative to TIL-positive tumors post therapy, thereby masking the predictive effects of pre-treatment TILs. Interestingly, patients who developed inflammatory responses at the site of motolimod injection also had longer survival compared with motolimod-treated patients who did not. It is possible that in these ISRþ patients, motolimod led to beneficial immunomodulation within the TME, resulting in improved survival in response to therapy compared with their ISR-counterparts. ISR may therefore represent a proxy for immune activation within the TME. It is also likely that multiple steps of immune activation, culminating in an integrated and sustained immune response within the TME, are required to achieve clinical benefit following systemic administration of motolimod. As such, intratumoral delivery of TLR8 agonists may be an effective approach to more directly modulate the TME.
Collectively, the data obtained in the current study may provide important clues regarding patient selection for treatment with TLR8 agonists, as well as new insights for modified delivery approaches in this patient population which could be considered for future studies.
